Results of ab initio calculations for first-row atoms and ions and LCAO-MO calculations for methane, fluoromethane, difluoromethane, trifluoromethane, and ethylene are presented for basis sets consisting of groups of limited numbers of s-type Gaussians and simple Gaussian lobe p orbital representations. Parameters are presented for atoms and ions of elements beryllium through fluorine using a three-Gaussian lscore group, an additional Gaussian for the 2s orbital and a two-Gaussian lobe p orbital. When used in LCAO-MO calculations this atomic orbital representation appears to provide results for charge distributions, molecular geometries, valence shell MO energies, calculated HF dissociation energies, and excitation energies (for ethylene) comparable to results obtained using minimum STO basis sets. A method for isolating the core orbitals from the LCAO variation process is applied and discussed for the molecular calculations.
I. INTRODUCTION
Gaussian functions have been frequently employed in SCF-LCAO-MO calculations simply in large basis sets,! used in groups with more limited parameter variation,2 and used as a basis for expansion of STO functions to facilitate integral evaluation over a "pseudo-STO" basis. 3 It is well known that a minimum STO basis, with carefully selected exponents, can yield molecular geometries to 1 % or 2%, and can provide at least semiquantitative information regarding energy levels and charge distributions. This has lead us in this work to explore the usc of simplified Gaussian lobe pair representations within the framework of the minimum basis SCF-LCAO-MO treatments. Preuss 4 and Whitten;; initiated the usc of Gaussian lobe pairs to supplant spherical harmonics with radial functions; however, the speed of integral evaluation with such Gaussian lobe p representations is partly countered by the number of such lobe pairs which were employed to provide atomic functions of ncar hf quality. Ease of integral evaluation using Gaussian functions has led to recent efforts to examine the effects of using limited numbers of Gaussians in ways which would allow cancellation of errors due to poor core functions. . -\ previous paper6 has reviewed efforts along these lines and reported calculations for two-, three-, and four-electron atomic and molecular species. Good values were obtained for calculations of ionization potentials, dissociation energies, and bond lengths, even though imperfect core functions lead to inaccurate total system energy values. Frost 7 has used single spherical Gaussian functions with adjustable center locations as bond and inner-shell orbitals for atoms and molecules. With complete parameter optimization, he is able to come to within 5%-20% of the experimental values for bond lengths and angles although energies and energy differences are very poor. This paper continues the search for useful ways to use relatively small numbers of Gaussian functions in atomic and molecular calculations. It was hoped to be able to retain the convenience of integral evaluation using s-type Gaussian functions without having to employ the large representations of Whitten et al. It was thought that the lobe representations offered unexplored opportunities for use in calculations where rough energy differences, molcular geometries, and charge distributions are desired. It was a question of prime importance to determine conditions for cancellation of energy errors when using poor core functions. Sachs, Geller, and Kaufman 8 have also noted, when using rather high quality SCF functions, that energy differences and population analyses converged much more rapidly than the total energy as the expansion basis set size is increased; this has been observed for both large Gaussian and STO basis sets. Whitten 9 earlier considered lobe functions representations of varying size for excited states of atomic hydrogen. However, these comparisons were not continued to systems of more than one electron. The later lobe functions published for first-row atoms used 10 Gaussians for the 1s and 2s orbitals and five-Gaussian lobe pairs for each p orbital representation. In this work we report results utilizing chiefly two-Gaussian lobe pairs for each p orbital in atomic and molecular calcula tions .
II. ATOMIC SYSTEMS
Previous work on beryllium using uncorrelated closed-shell wavefunctions was extended to the other first-row four-electron ions through FH, using a two-Gaussian 1s core representation with an additional Gaussian as a 2s orbital. The difference in calculated energies for the two-and four-electron species, e.g., for the pair C+2 and CH, was then compared with the sum of the experimental ionization potentials lO ,1l after correction for the correlation energies 12 of the ions. This gives a comparison between calculated and experimental Hartree-Fock energies. The calculated and experimental energy difference for the configura-1690 orbital representation, would be required, it seemed that the use of three, rather than two, Gaussians in the core group would not cause a large relative increase in computing time for a molecular system. Appendix A summarizes comments on numerical precision requirements in integral calculation. 
III. CONSTRAINED LCAO-MO-SCF METHOD
Taylor 15 has presented a simple way of solving the Roothaan SCF equations for a closed-shell system subject to the constraint that core electrons occupy molecular orbitals which are purely linear combinations of a subset of the basis set used. His method is summarized here. This core subset is taken to be the set of is core atomic orbitals for the elements heavier than hydrogen. The core orbitals used have small overlap integrals, less than 10-7 for the carbon cores used in ethylene and 10-9 for carbon-fluorine cores in CH 3 F, and thus become, in this method, an orthogonal set of core molecular orbitals. They may be orthogonalized if the core orbital overlap integrals are not sufficiently small. The partitioning of a v term atomic orbital basis into m core orbitals and v-m noncore basis functions serves to partition the Fock and basis overlap matrices into corresponding blocks, or ( 8n 8=
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The Sn overlap matrix for the core orbitals is practically diagonal for nonhydrogen is core functions. The problem is then to find the MO coefficient matrix constrained to be of the form The complete molecular orbital coefficient matrix obtained as a solution of this (v-m) order variation problem then does not diagonalize the original full Fock matrix. Although a reduced secular equation is solved, the F221 matrix involves all the two-electron exchange and Coulomb integrals computed over the whole basis set. If all integrals are calculated (as in the work reported here), no time is saved in the integral evaluation stage of the SCF procedure. However, the isolation of the core orbitals in the variation problem will be seen to permit the utilization of poorer core representations, since combinations of ligand orbitals cannot effectively "improve" the core function, relative to that possible for the free atoms. Energy differences (e.g., calculated dissociation energies) might then be more reliably independent of basis size, particularly of the number of s-type Gaussians used in a core orbital representation. The Taylor method might also prove useful in larger calculations using approximations for Coulomb and exchange integrals (e.g., the various CNDO methods) where the dimensions of the matrix diagonaligation problem are more significant in computation time than are tht demands of integral evaluation and assembly.
IV. MOLECULAR CALCULATIONS
Results are presented in Table III for both the complete coefficient variation (Roothaan) 16 method and the constrained variation (Taylor) 15 method using different orbital representations. The notation (2,1,2,2) refers to a (2, 1, 2) carbon atomic orbital representation combined with a two-Gaussian representation of a hydrogen atom is function. The four-exponent scale factors are then the adjustable orbital parameters; linear coefficients and relative values of the Gaussian exponent constants within the orbital groups are left The calculated dissociation energy in the work described here is not strongly dependent on the size of the hydrogen representation, as seen by comparing the results obtained with the (2, 1,2,3) and (2, 1, 2, 2) basis sets using the same scale factors, bond length, and the Taylor variation method. The calculated dissociation energy changes by 0.0018 a.u. on increasing the size of the hydrogen Is orbital representation. Use of only one Gaussian for the hydrogen orbital is not worth the saving in computation time, given the size of the p orbital representation. The calculated dissociation energies for the (2, 1, 2, 2) and (3, 1, 2, 2) basis sets are both much closer together for the Taylor method than for the free variation (Roothaan) method, and the values slightly under the HF limit obtained with the Taylor method are more plausible than the values [e.g., 0.589 for (2, 1, 2, 2) basis] calculated using the standard Roothaan method. Core isolation in the Taylor method makes the calculated dissociation energy more meaningful when a very limited (poor) core representation is used. Molecular orbital energies for all but the lowest core orbital are seen to be close (within about 0.02 a.u.) to those obtained in more d Exponent scale factors for free atom orbital groups.
• Calculated using -40.22 as nonrelativistic HF Iimit.'·I8 complete treatments. The (2, 1, 1, 2) basis set is seen to provide rather poorer results. The one-Gaussian lobe 2p orbital is inadequate for use in quantitative studies involving the energy or orbital energies, as was suggested by consideration of calculated ionization energy of atomic carbon when using the (2, 1, 1) basis set.
The different basis sets and procedures give essentially the same gross atomic populations, using the Mulliken definition, with the constrained (Taylor) variation method and with the standard Roothaan method. The poorest core representation gives the most discrepant charge when used in the full variation method, just as the calculated HF dissociation energy was too large. Hydrogen is seen to be negative by the amount of about O.OISe, whereas the SCF calculation by Pitzer l8 shows a slight (0.01ge) positive charge on hydrogen. The charge is small in magnitude, and the two values are in relatively good agreement. Arrighini et al., 19 with the best published SCF energy for CH 4 , do not include a population analysis but conclude that the negative end of the CH bond moment lies towards the proton. Orbital energies are satisfactorily close to those reported for the functions of nearly HF quality, except for the 1al value, which is expected to deviate for an incomplete core function.
B. CHaF
The orbital exponent scale factors for 2s, 2p, and hydrogen Is orbitals were varied using the (3, 1, 2) basis sets for the carbon and fluorine atoms, the twoGaussian expansion for the hydrogen Is orbital, and the experimental bond lengths and angles. Variations TABLE IV. CHaF. in the two unique bond lengths and the unique bond angle (assuming C3r symmetry) indicate that the calculated bond lengths are 1 % to 2% larger than the experimental values,20 and that the calculated FCH angle is likewise about 2% (or 2°) larger than the experimental value. Calculations were made by both the standard Roothaan method and by the Taylor method in which the 1s core orbitals for the heavy atoms were isolated from the variation proble~. The carbon-fluorine core overlap integral value was typically 10-10 for the three-Gaussian core representations, so the core functions are orthogonal through spatial separation as required for simple application of the Taylor method. Core representations with only two-Gaussian terms give smaller overlap integrals. Both Roothaan and Taylor methods gave the same bonding orbital exponent scale factors to within the precision of the optimization process. Small adjustments in the core exponents changed the kinetic to poterial energy ratio without significant (less than 0.001 a.u.) changes in total energy or bonding orbital energies in studies with CH,. This was also found in calculations for CHF3. Table IV shows the effect of changing the core basis size for both the Roothaan and Taylor methods, using the experimental molecular structure parameters and the same set of atomic orbital exponent scale factors for both basis sets. All calculated dissociation energies are computed using the best atom energies for comparable basis sets. The computed dipole moments are c Reference 3. d Reference 21. e Atomic populations. f Calculated HF dissociation energy.
• Dipole moment (debyes).
relatively independent of basis set or method of calculation. The calculated dissociation energies for the Taylor method changes by only 0.016 a.u., when changing from the (2, 1, 2) to (3, 1, 2) heavy atom representations, although the improvement in the core function changes the total system energy by 2.5 a.u., as seen in Columns 2 and 4. The Roothaan full variation method shows an appreciably larger change, 0.06 a.u. (Columns 1 and 3) , in the calculated dissociation energy. This reinforces the view that meaningful t.nergy differences can be computed using incomplete core representations if the core orbital functions are isolated in the molecule. It is also seen that the upper occupied valence-shell orbital energies and gross atomic populations are insensitive both to the core representations used and to the variation method employed. The best all-electron SCF-MO calculation reported to data for CH3F is that of Arrighini et al. 21 ; the!y used a basis of 47 STO's and a geometry close to the experimental one. Some of their results are also included in Table IV . Difficulties in ab initio calculation of reliable dipole moments are well known, and little should be said except to note that all values listed in Table IV are "reasonably" close to the experimental value of 1.847 D.22 Correct Hartree-Fock atomic energies were used in calculating the HF dissociation energy from the molecular energy obtained by Arrighini. Their estimate of the correlation energy of CH3F seems to provide the best current by available route to a value for the nonrelativistic HF energy of CH3F. The value they obtained, -139.1~9 a.u., is used with atomic nonrelativistic HF energies to obtain the "experimental" HF dissociation energy of 0.551 a.u. for comparison with the calculated values in Table IV . Only the value computed using the two Gaussian core functions with the full variation (Roothaan) method gives a poor result. The computed dissociation energy and dipole moment are as good or better than the values obtained by Hehre et a13 using a minimum STO basis expanded into Gaussian functions. The fluorine atom charge, -0.21 e, agrees well with the value of -0.19 obtained by Hush and SegaJ23 using the CNDO/2 method and with the value of -0.16 obtained by Hehre, Stewart, and Pople using an optimized minimum STO basis. The atomic charge values, defined for each atom as the difference between the Mulliken gross atomic population and the nuclear charge, obtained using unsealed, free atom orbitals, differ significantly from the values obtained using scaled or optimized atomic orbital representations in these minimum basis calculations. However, these values seemed to be insensitive to moderate changes in the orbital exponent scale factors; parameter optimization was not highly critical in determining the gross atomic populations.
C. CH2F 2 and CHF 3
Calculations were performed for the molecules CH 2 F 2 and CHF 3 using the (3, 1, 2) basis sets for C and F atoms, and the two-Gaussian 1s function for hydrogen. The valence atomic orbitals of the functions were scaled using the same scale factors obtained in the more detailed CH3F work. Experimental values were taken for the unique molecular coordinates. 2o and C 2 v and C 3 , symmetries were assumed for the two molecules. Both the complete Roothaan variation was carried out as well as the restricted (Taylor) variation in which the 1s atomic orbitals on carbon and fluorine were used unchanged as the lowest energy molecular orbitals, with the upper occupied molecular orbitals being determined by solution of the reduced secular equation as described previously. The carbonfluorine and fluorine-fluorine core orbital overlap integrals were 10-10 , and 10-40 , respectively, although the hydrogen 1s-fluorine core overlap integrals were about 10-3 . This suggests that variable precision or variable assumption routines should be employed in ab initio calculations such as these to extend the molecular size for practical calculations with polyatomic systems. The magnitude of the overlap integral could be used to provide a criterion for the neglect of certain exchange integrals or for simplifications to be used in evaluating Columb integrals for widely spaced centers. Such a GNDO (gradual neglect of differential overlap) scheme might lead to an amalgamation, for large systems, of the more useful aspects of the INDO and CNDO schemes and the complete calculations. Table V gives Calculations were performed for ethylene using the (3, 1, 2, 2) basis set, i.e., the (3, 1, 2) atomic carbon representation with the two-Gaussian hydrogen orbital representation. The near equilibrium geometry of Rcc=2.022 a.u., RCH-2.551 au, HCH angle= 120 0 was used to facilitate comparisons with previous calculations using the same geometry. After varying the free carbon atom 2s exponent scale factor, optimum values were found in succession for the carbon 2p and the hydrogen 1s orbital scale factors. A final small adjustment of the carbon 1s core function scale factor improved the kinetic/potential energy ratio for the Roothaan calculation without significant changes in the total or noncore orbital energy values. Final results for the best exponent scale factor set are shown in Table VI . The calculation was also carried out using the Taylor constrained variation method holding the two-carbon 1s core orbitals as the lowest two orthogonal molecular orbitals in the ethylene molecule. Coulomb and exchange integrals were computed between the two highest occupied and the two lowest virtual molecular orbitals, and vertical excitation energies were calculated for the transitions from the ground state to singlet and triplet states resulting from both (f and 7r orbital excitations. The excitation energies for single-electron excitations from either the 1b1u or the 1b lo molecular orbital to the 7r* (1b 2J ) molecular orbital are also given in Table VI. References and summaries of a variety of experimental and theoretical work on the states of ethylene are found in the recent review by Merer Table VI as providing the best single-determinant ground state calculation to data. Their publication provides one of the few published sources for excitation energies obtained from the ground state wavefunction. Some results of the calculation of Kaldor and Shavitt using a minimum Slater basis set with selected exponent values are also included for comparison in Table VI . Their work includes the calculations of Palke and Lipscomb 30 as a special case in the more extensive set of calculations. Switkes, Stevens, and Lipscomb fully optimized the exponents of a minimum Slater basis set and obtained an energy of -77.8558 a.u., calculated HF dissociation energy 0.599 a.u., with net charges on carbon and hydrogen of -0.16 and +0.08. The net charges on carbon and hydrogen in our work were found to be -0.04 and +0.02, in reasonable agreement with Switkes et al. They did not report any values for orbital or excitation energies for comparison with the values obtained with selected Slater exponents. Optimization of orbital exponents improved the total energy by only 0.02 a.u. over the value obtained by Kaldor and Shavitt, Column 3 of Table VI, so we presume that orbital energies and transition energies for fully optimized exponents using a minimum Slater basis would be similar to the values reported by Kaldor and Shavitt. It is seen that the limited lobe Gaussian basis used in our work provides excitation energies and calculated HF dissociation energy which are close to the values for the minimum STO basis; the calculated HF dissociation energy for the full Roothaan variation shown in Column 1 of Table VI is too large as explained in connection with the methane and fluoromethane calculations. The Taylor constrained variation method, holding the carbon core orbitals and pure molecular orbitals, without core improvement through use of other basis orbital combinations, probably provides a better calculation when the limited core representation is used. Neither this work nor the work with the limited STO basis produces the same ordering of excitation energies for the transition to IB3" and IB3u states as is obtained by Schulman et al. using a greatly expanded basis set.
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APPENDIX A: INTEGRAL PRECISION
Use of Gaussian lobe functions as P orbital representations introduces two types of errors: The first is the failure of the lobe functions with limited numbers of terms to reproduce the spherical harmonic functions. Neon, for example, will have a spherically symmetrical charge distribution when using spherical harmonics and the usual STO's, whereas the charge distribution will be slightly "lumpy" when using the limited lobe functions. 31 The significance of these effects in molecular calculations, with the simple lobe representations used here, is to be evaluated in terms of the quality of results for molecular properties. For spherical harmonic atomic p functions, the following identity is valid:
Using the two-Gaussian lobe carbon P function, for example, we find the values of the left and right sides of the above expression differ by only 0.000186 a.u. Whitten and Allen 32 also comment on the precision requirements for integral calculations using lobe functions; care must be taken in intermediate stages since the lobe function integrals are really obtained as differences of integrals using the spherical-type Gaussians with slightly different centers.
While most of the atomic and early CH 4 calculations were performed on an IBM System 360/65, the remaining calculations were performed on an IBM S360/44 which provided variable precision arithmetic. For most of the CH4 calculations, full double precision (56 binary digit representation of mantissa, of IOg16, approximately 10 decimal digits) was used. The energy calculated for methane using single precision (24 binary digit representation of mantissa of IOg16, approximately 8 decimal digits) differed from the energy calculated using full double precision by less than 0.0001 a.u. The calculated energy for CH3F using 36 bit arithmetic was also found to be within 0.0001 a.u. of the value obtained using full double precision.
The carbon and fluorine atomic energy values were found to be relatively insensitive to the spacing between the centers of the s-type Gaussians which comprise a P lobe pair. This value was fixed at 0.20 a.u. for the two-Gaussian lobe pairs in the (2, 1, 2) and (3, 1, 2) basis sets. Variation in this parameter for each of the two-lobe pairs used was thought not worth while, and reduction in the lobe spacing below the value given leads to increasing imprecision in integral calcula tions.
Electron-nuclear attraction and electron-electron repulsion integrals using s-type Gaussian functions require evaluation of the factor33 ,34 : The one-dimensional path of reaction in the least motion, coplanar approach of two methylenes to form ethylene has been calculated using the nonempirical multiconfiguration self-consistent field (SCF) method in a large Gaussian basis. Orthogonality between open-and closed-shell molecular orbitals of the same symmetry is constrained by a "partitioned basis set" technique which is found to give rapid and uniform convergence to the proper SCF solution. The results obtained for the reaction path suggest that the ground state of bent (~1200) methylene is the triplet. Therefore, in this study, it is the triplet states (and not closed-shell singlet states) of two appropriately oriented bent methylenes that correlate with the normal (ground) state of ethylene. For two closed-shell singlet-state methylenes the reaction path is found to be purely repUlsive.
The orbital correlation diagram for the least motion, coplanar (LM C) approach of two methylenes (CH 2 ), in their lowest energy singlet electronic states, to form normal ethylene exhibits a level crossing, i.e., a doubly occupied level (orbital) on one side of the diagram connects with an empty orbital on the other side, and vice versa. By the orbital conservation rule of Woodward and Hoffmann 1 ,2 a level crossing in the orbital correlation diagram, for a given reaction path in a concerted reaction, is sufficient evidence that the particular approach geometry under consideration is forbidden; there should then exist an alternate route to the reaction products along which path the reaction actually proceeds. Hoffmann et al. 3 have actually carried out orbital correlation and numerical analyses of the titled reaction and arrive at the above-stated conclusions.
The justification, or basis, for the orbital conservation rule in non empirical electronic structure theory, as specifically applied to the dimerization reaction, is as follows. A level crossing in the orbital correlation diagram should lead to an avoided crossing in the state level diagram at intermediate carbon-carbon bond distances, as the direct result of an attempted crossing of two electronic states of the same symmetry species. The avoided crossing, in turn, is expected to give rise to a hump in the lower energy branch of the potential
